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The microscopic deformation mechanism of charged colloidal glasses with extended-range inter-
actions under shear is investigated by in-situ small-angle neutron scattering, and a dynamically
correlated region (DCR) is identified. This short-lived region provides the resistance to the config-
urational rearrangement imposed by the external deformation, as evidenced by the evolution of the
size of DCR in the shear thinning regime and the quantitative agreement between the local stress
sustained by DCR and the macroscopic stress from rheological measurements at low and mediate
shear rates. This finding suggests that DCR is an important quantity for microscopically addressing
the flow and deformation behavior of strongly interacting colloids.
PACS numbers: 82.70.Dd, 83.60.Df, 61.43.Fs
In recent years there has been increasing interest in
understanding the fundamental mechanism that controls
the deformation behavior of disordered materials [1]. One
reason for the current excitement stems from the micro-
scopic description of flow based on the “dynamic het-
erogeneity” - the spatial inhomogeneity in the relaxation
dynamics [1, 2]. For example, computational study has
been carried out to understand how the local configu-
rational rearrangements and their cooperative organiza-
tion influence the plasticity of amorphous solids [3–9].
In highly supercooled liquids, the shear thinning phe-
nomenon was found by simulations to be the consequence
of diminishing inhomogeneity of flow due to the increas-
ingly frequent configurational fluctuations [10–13].
There also exists an extensive amount of studies on
the effects of local plastic rearrangement in developing a
microscopic description of flow [1, 14, 15]. From the devi-
ation of affine deformation condition, results of confocal
microscopy experiments on sheared supercooled colloidal
liquids and glasses have identified the plastic component
of deformation [16–18]. The spatial correlation of local-
ized plastic arrangements was examined [19–23] and its
connection to the non-monotonic flow curves, namely the
shear banding instability, was further investigated [24].
As a deeper understanding of the deformation behav-
ior of amorphous materials is gained, the role played by
inter-particle interactions demands a full investigation.
While its profound influence on the rheology of amor-
phous materials has been recognized [25–28], the micro-
scopic mechanism through which the increasing coopera-
tivity promoted by extended-range interaction influences
the deformation behavior remains to be elucidated. The
motivation of this study is to identify this process from
the perspective of dynamical heterogeneity.
In this Letter, we investigate the influence of the inter-
particle potential on the flow characteristics of concen-
trated colloidal suspensions using rheometry and small
angle neutron scattering (SANS). By extending the spa-
tial range of the inter-particle potential, a transition from
a colloidal liquid to a colloidal glass is observed. The
analysis of SANS spectra shows that the mechanical re-
sponse of a colloidal glass to the imposed shear is local-
ized in a dynamically correlated region (DCR), which is
promoted by the extended-range inter-particle potential.
The correlation between the DCR and the mechanical be-
havior is supported by the agreement between the micro-
scopic stress revealed by scattering and the macroscopic
stress measured by rheometry.
We studied two representative colloidal suspensions at
the same volume fraction of 0.4: a charged stabilized col-
loidal suspension and a hard-sphere suspension. In the
former system the inter-particle potential is characterized
by a extended-range electrostatic interaction [29] while in
the latter system only the hard-core repulsion is present
[30]. The Kob-Andersen mixture [31] of monodispersed
particles of two different sizes (120 nm and 80 nm) was
used to avoid crystallization. As demonstrated in Fig.
1, the rheological properties of the suspensions show a
strong dependence on the inter-particle potential. In the
linear viscoelastic regime shown in Fig. 1(a), the hard
spheres exhibit a liquid-like behavior. In contrast, the
dynamic moduli of the charged colloids indicate that the
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2sample is an elastic solid in the quiescent state. Results
of steady shear measurements given in Fig. 1(b) reveal
that the charged colloids displays much higher viscosity
and more dramatic shear thinning compared to the hard
spheres at low and moderate shear rates. These observa-
tions provide an initial clue for understanding the promi-
nent role of the extended-range potential in determining
the rheological properties of colloidal suspensions.
FIG. 1. Rheological behavior of the charged colloidal (CC)
suspension and the hard-sphere (HS) suspension. (a) Fre-
quency dependence of the storage and loss moduli G′ and G′′
for the two samples. (b) Shear stress σ and viscosity η as a
function of γ˙ and Pe´clet number (Pe). Red rhombuses: shear
stress sustained by the DCR (σDCR).
We use SANS to investigate the microscopic origin of
the observed nonlinear rheological behavior. Figure 2(b)
and (c) show the SANS spectra obtained from both the
flow-velocity gradient (v−∇v or 1 - 2) and flow-vorticity
(v − ω or 1 - 3) planes for the two samples. When sub-
jected to steady shear, the scattering profiles present el-
liptical shapes in both configurations. In neither configu-
ration no noticeable scattering signature of shear-induced
ordering, such as layer formation, is observed within the
probed range of shear rate γ˙. A similar development is
also observed by our complementary Brownian dynam-
ics (BD) simulation [32]. Trajectory analysis suggests
the origin of intensity variation is the local ordering pro-
moted by the anisotropic density fluctuation, instead of
the long-range layering.
To address the connection between the spatial corre-
lation functions and the flow behavior of the system, we
adopt a spherical harmonic expansion (SHE) approach
for the SANS data analysis. The pair distribution func-
FIG. 2. (a) Illustrations of the Rheo-SANS experiment under
Couette geometry. 1, 2 and 3 denote the directions of flow (v),
velocity gradient (∇v) and vorticity (ω), respectively. (b) and
(c) 2D SANS spectra obtained from flow-velocity gradient (or
1-2) plane and from flow-vorticity (or 1-3) plane at γ˙=0,10
and 100 s−1 for charged colloidal (CC) suspension and hard-
sphere (HS) suspension.
tion (PDF) g(r) of a sheared fluid can be expressed ex-
plicitly by SHE as [33–42]:
g(~r) =
∑
l,m
gml (r)Y
m
l (~r/r) , (1)
where Y ml
(
~r
r
)
are the real spherical harmonic functions
and gml (r) the expansion coefficients. The harmonic func-
tions are indexed by the order l and the degree m. The
relevant gml (r) can be determined from the anisotropic
SANS intensity I( ~Q). More details are given in the
Supplemental Material [32]. Due to the symmetry im-
posed by steady shear, g−22 (r) has been recognized to be
the most relevant coefficient which connects the shear-
induced structural distortion to the macroscopic proper-
ties [43, 44]. For an elastic solid undergoing an affine
deformation, g−22 (r) is proportional to the derivative of
the quiescent PDF g(r) when the shear strain γ is suffi-
ciently small [45, 46]. Namely,
g−22 (r) = −
γ√
15
r
dg(r)
dr
. (2)
The validity of Eq. 2 in sheared dense fluids was
demonstrated by a computational study [47], which ev-
idences that the concept of elasticity can be applied to
the time-averaged local response of highly cooperative
fluids under steady shear. In Fig. 3(a)-(d) we plot the
comparisons of g−22 (r) and −rdg(r)/dr for charged col-
loids at γ˙=3,10,30 and 100 s−1, respectively. It is seen
3that the characteristic variations of these two functions
are generally in phase, which qualitatively agrees with
the prediction of Eq. 2. This observation suggests that
the system is essentially elastically deformed at these
shear rates, even the system is flowing. Such deforma-
tion coherency is also observed in a simulation study on
a metallic liquid [48] and our BD results [32], but has not
been reported in prior computational studies of nonlinear
rheology of charged colloids [49–51]. The same analysis
was applied to the hard spheres and the result is shown
in Fig. 3(e) and (f). Though the corresponding SANS
spectra are still featured by the anisotropy between the
compressional and extensional directions as shown in Fig.
2, the oscillation of each g−22 (r) lags behind that of the
−rdg(r)/dr. The invalidity of Eq. 2 in the hard spheres
evidences that the coherent elastic deformation no longer
exists without the presence of the extended-range electro-
static repulsion. The deformation is dominated by plas-
tic flows characterized by configurational rearrangement.
These phenomena are also found in our complementary
BD simulations [32].
FIG. 3. Comparison between g−22 (r) (circles) and rdg(r)/dr
(lines). (a)-(d) give the results for the charged colloidal sus-
pension at γ˙=3,10,30 and 100 s−1, respectively. (e) and (f)
are the results for the hard-sphere suspension at γ˙=10 and
100 s−1, respectively. The magnitude of −1/√15rdg(r)/dr is
scaled to match that of g−22 (r) for all panels.
In a random stacking of particles, the local configura-
tional environment is known to differ from one tagged
particle to another. As a result, the constant strain pic-
ture given by Eq. 2 does not provide a complete de-
scription about the microscopic deformation. To further
elucidate the structure of the flowing elasticity, we intro-
duce the dependence of γ on the spatial range over which
the elastic deformation is sustained [48]:
γ(r) ≡ −
√
15g−22 (r)/ [rdg(r)/dr] . (3)
FIG. 4. (a)-(d): γ(r) of the charged colloidal (CC) suspension
determined by Eq. 3 at γ˙=3,10,30 and 100 s−1, respectively
(yellow circles). The green curves denote the fitting results
by the Gaussian function. (e) summarizes the size of DCR
2ξDCR as a function of γ˙ for the CC suspension. (f) gives
the result of the hard-sphere (HS) suspension at γ˙=10 s−1.
No effective DCR is observed in this case.
Figure 4(a) to (d) presents the γ(r) for the charged
colloids at γ˙=3,10,30 and 100 s−1. We would like to
point out that the extraction of γ(r) does not involve
any model fitting but only Fourier or Bessel transforms
and data binning. A region of nonzero γ(r) with a spa-
tial range of several particle diameter d is observed for all
measured γ˙. We name this region dynamically correlated
region (DCR): This region is short-lived and dynamically
fluctuating. Within its spatial range, the local structure
undergoes an elastic deformation with an average strain
given by γ(r) when the system is under steady shear.
Beyond this region, the particle motion is dominated by
liquid-like random displacements. The existence of DCR
suggests dynamical heterogeneity in the mechanical re-
sponse of the system to applied shear. γ(r) can be con-
sidered as a correlation function describing a cooperative
region characterized by mechanical coherency in the flow.
Based on the previous simulation study [48], a Gaussian
function is used to model the landscape of γ(r):
γ(r) ≈ γMexp
[−(r − p)2/2δ2DCR] , (4)
where p is the peak position, δDCR is the standard devi-
ation of the Gaussian distribution, and γM is the average
maximum strain of DCR. The fit curves with Eq. 4 are
also shown in Fig. 4(a) to (d). Accordingly, a length
scale ξDCR = p +
√
2ln2δDCR is defined to denote the
4correlation length of the cooperatively elastic deforma-
tion in the steady flow. The size of the DCR, 2ξDCR, is
shown in Fig. 4(e). A decrease of elastic coherency is
revealed by the decrease of the DCR size from about 6d
to 4d as γ˙ increases from 1 to 300 s−1. Meanwhile, an
increase in γM from about 0.045 to 0.11 is found. The
γ(r) of the hard spheres at γ˙=10 s−1 is shown in Fig.
4(f). As expected, no discernible DCR is observed.
The above analysis reveals two different microscopic
mechanisms in the flowing colloids. In the charged col-
loids, the changes of the momentum and position of a
particle can instantaneously influence surrounding parti-
cles through the extended-range electrostatic interaction.
Consequently, the particles within a certain spatial range
undergo elastic coherent deformation in response to the
imposed shear. During this process, a reference particle
retains its original neighbors until the stress generated by
shear is sufficient to cause local configurational rearrange-
ment. The deformation and yielding of DCR are ubiqui-
tous and persistently successive at the particle level. In
contrast, the suspension of hard spheres exhibits a com-
pletely different microscopic picture: The motion of one
particle influences others mainly through collisions due
to the lack of the extended-range electrostatic “restoring
force”. The exchange of momentum and energy between
particles is no longer instantaneous instead retarded by
the mean free time between collisions. This causes the
mismatch between g−22 (r) and −rdg(r)/dr as shown in
Fig. 3(e) and (f), and leads to the breakdown of the local
deformation coherency. Therefore, we conclude that the
extended-range electrostatic repulsion acts as an energy
barrier to resist the applied strain, and the hindrance of
topological rearrangement by DCR is the principle mech-
anism of the significant enhancement of viscosity in the
charged colloids compared to the hard spheres at low and
mediated shear rates, as demonstrated in Fig. 1(b).
Having established this micromechanical picture, we
are able to explore the role of inter-particle potential
in the nonlinear rheology of colloidal suspensions. In
the flowing charged colloids, the shear stress sustained
by DCR is estimated as σDCR = G
′γM , where G′ is
the modulus of the local elasticity that is similar to the
storage modulus given in Fig. 1(a) [52]. As shown in
Fig. 1 (b), the microscopically determined stress σDCR
quantitatively agrees with the macroscopic shear stress
for charged colloids σCC (σCC = ηγ˙) determined from
rheometry when Pe ≤ 1 (or γ˙ ≤ 10 s−1). This observa-
tion clearly reveals that the extended-range inter-particle
potential causes the high shear stress, or equivalently the
viscosity, in the flow of charged colloids by establishing
the local elasticity at low and moderate shear rates. At
higher shear rates (Pe  1) [53], σDCR exhibits con-
siderable deviation from σCC , indicating that the hy-
drodynamic effect [54] becomes prominent and the inter-
particle electrostatic potential does not dictate the flow
behavior of the charged colloids. In fact, as shown in Fig.
1 (b), σCC and σHS become comparable when Pe  1.
This observation, from a macroscopic measurement, also
suggests that the DCR no longer plays a critical role in
determining the nonlinear rheology at high shear rates.
Lastly, it is worth noting while higher-order correlated
collisions can produce entropy-driven elasticity at high
volume fractions (ca. 0.58) [55–57], such a mechanism is
less important in the current colloidal suspensions, due
to the low volume fraction of particles.
Computational studies [10, 11] have established a char-
acteristic length scale for quantifying the heterogeneity
of local topological fluctuations in glassy liquids and cor-
related its evolution, which reflects the deformation inho-
mogeneity, with the shear thinning phenomenon. Experi-
mentally, we find that the size of the DCR decreases with
increasing shear rate (Fig. 4(e)), implying the observed
shear thinning behavior is accompanied by diminishing
deformation heterogeneity. This result is consistent with
the previous computational investigations.
In conclusion, using SANS and rheometry, we iden-
tify a dynamically correlated region (DCR) in charged
colloids under shear. This DCR, spanning over the dis-
tance of a few particle diameters, is sustained by the
extended-range inter-particle potential. The size of DCR
displays positive correlation with the nonlinear rheolog-
ical behavior and should be considered as a measure of
heterogeneity in stress. Our results might shed light on
the mechanism of nonlinear flow phenomena in highly-
supercooled and glassy liquids.
This work was supported by the U.S. Department of
Energy, Office of Science, Office of Basic Energy Sciences,
Materials Sciences and Engineering Division. This Re-
search at SNS of Oak Ridge National Laboratory was
sponsored by the Scientific User Facilities Division, Of-
fice of Basic Energy Sciences, U.S. Department of Energy.
The rheological characterization was carried out at the
Center for Nanophase Materials Sciences, which is a DOE
Office of Science User Facility. We acknowledge National
Institute of Standards and Technology, U.S. Department
of Commerce, in providing the neutron research facilities.
Finally, we appreciate the D22 SANS beamtime from the
Institut Laue-Langevin.
∗ Corresponding author: chenw@ornl.gov
[1] L. Berthier, G. Biroli, J.-P. Bouchaud, L. Cipelletti, and
W. van Saarloos, Dynamical Heterogeneities in Glasses,
Colloids, and Granular Media (Oxford University Press,
Oxford, 2011).
[2] L. Berthier, Physics 4, 42 (2011).
[3] J.-L. Barrat, and A. Lemaˆıtre, Heterogeneities in amor-
phous systems under shear, in “Dynamical Hetero-
geneities in Glasses, Colloids, and Granular Media” (Ox-
ford University Press, Oxford, 2011).
[4] C. Maloney, and A. Lemaˆıtre, Phys. Rev. Lett. 93,
5016001 (2004).
[5] C. Maloney, and A. Lemaˆıtre, Phys. Rev. Lett. 93,
195501 (2004).
[6] N. P. Bailey, J. Schiøtz, A. Lemaˆıtre, and K. W. Jacob-
sen, Phys. Rev. Lett. 98, 095501 (2007).
[7] A. Lemaˆıtre, and C. Caroli, Phys. Rev. Lett. 103, 065501
(2009).
[8] H. Mizuno, S. Mossa, and J.-L. Barrat, Europhys. Lett.
104, 56001 (2013).
[9] J. Lin, E. Lernera, A. Rosso, and M. Wyarta, Proc. Natl.
Acad. Sci. U.S.A. 111, 14382 (2014).
[10] R. Yamamoto, and A. Onuki, Europhys. Lett. 40, 61
(1997).
[11] R. Yamamoto, and A. Onuki, Phys. Rev. E 58, 3115
(1998).
[12] K. Miyazaki, D. R. Reichman, and R. Yamamoto, Phys.
Rev. E 70, 011501 (2004).
[13] A. Furukawa, K. Kim, S. Saito, and H. Tanaka, Phys.
Rev. Lett. 102, 106001 (2009).
[14] V. Prasad, D. Semwogerere, and E. R. Weeks, J. Phys.:
Condens. Matter 19, 113102 (2007).
[15] R. Besseling, L. Isa, E. R. Weeks, and W. C. K. Poon,
Adv. Colloid Interface Sci. 146, 1 (2009).
[16] D. Chen, D. Semwogerere, J. Sato, V. Breedveld, and E.
R. Weeks, Phys. Rev. E 81, 011403 (2010).
[17] J. Clara-Rahola, T. A. Brzinski, D. Semwogerere, K.
Feitosa, J. C. Crocker, J. Sato, V. Breedveld, and E.
R. Weeks, Phys. Rev. E 91, 010301(R) (2015).
[18] R. Besseling, E. R. Weeks, A. B. Schofield, and W. C. K.
Poon, Phys. Rev. Lett. 99, 028301 (2007).
[19] V. Chikkadi, G. Wegdam, D. Bonn, B. Nienhuis, and P.
Schall, Phys. Rev. Lett. 107, 198303 (2011).
[20] V. Chikkadi, S. Mandal, B. Nienhuis, D. Raabe, F.
Varnik, and P. Schall, Europhys. Letts. 100, 56001
(2012).
[21] V. Chikkadi, and P. Schall, Phys. Rev. E 85, 031402
(2012).
[22] S. Mandal, V. Chikkadi, B. Nienhuis, D. Raabe, P. Schall,
and F. Varnik, Phys. Rev. E 88, 022129 (2013).
[23] F. Varnik, S. Mandal, V. Chikkadi, D. Denisov, P. Ols-
son, D. VAppl. Opt.gberg, D. Raabe, and P. Schall, Phys.
Rev. E 89, 040301(R) (2014).
[24] V. Chikkadi, D. M. Miedema, M. T. Dang, B. Nienhuis,
and P. Schall, Phys. Rev. Lett. 113, 208301 (2014).
[25] R. B. Russel, Ind. Eng. Chem. Res. 48, 2380 (2009).
[26] J. Mewis, and N. J. Wagner, Colloidal Suspension Rhe-
ology (Cambridge University Press, Cambridge, 2012).
[27] P. Oswald, Rheophysics: The Deformation and Flow of
Matter (Cambridge University Press, Cambridge, 2014).
[28] P. Coussot, Rheophysics: Matter in All Its States
(Springer, Heidelberg, 2014).
[29] J. K. G. Dhont, An Introduction to Dynamics of Colloids
(Elsevier, 1996).
[30] The solvent of the suspensions is a mixture of ethylene
glycol and glycerol, as suggested in H. Watanabe, M.-L.
Yao, A. Yamagishi, K. Osaki, T. Shitata, H. Niwa, and Y.
Morishima, Rheol. Acta 35, 433 (1996). For the suspen-
sion of hard spheres the inter-particle electrostatic repul-
sion was screened by introducing the potassium chloride
to the solvent (1 mg/g).
[31] W. Kob, and H. C. Andersen, Phys. Rev. E 51, 4626
(1995).
[32] See Supplemental Material for detailed descriptions of
the sample, the SANS experiment, the spherical har-
monic expansion method, and the BD simulation.
[33] S. Hess, Phys. Rev. A 22, 2844 (1980).
[34] S. Hess, and H. J. M. Hanley, Phys. Rev. A 25, 1801
(1982).
[35] J. F. Schwarzl, and S. Hess, Phys. Rev. A 33, 4277
(1986).
[36] H. J. M. Hanley, J. C. Rainwater, and S. Hess, Phys.
Rev. A 36, 1795 (1987).
[37] D. J. Evans, H. J. M. Hanley, and S. Hess, Phys. Today,
37, 26 (1984).
[38] N. A. Clark, and B. J. Ackerson, Phys. Rev. Lett. 44,
1005, (1980).
[39] S. J. Johnson, C. G. de Kruif, and R. P. May, J. Chem.
Phys. 89, 5909 (1988).
[40] C. P. Amann, D. Denisov, M. T. Dang, B. Struth, P.
Schall, and M. Fuchs, J. Chem. Phys. 143, 034505 (2015).
[41] A. K. Gurnon, and N. J. Wagner, J. Fluid Mech. 769,
242 (2015).
[42] It is instructive to note that Hess et al. used the complex
spherical harmonics to expand the anisotropic pair dis-
tribution function with complex expansion coefficients.
Mathematically, it is equivalent to use the spherical har-
monics in real form as the expansion basis. In this Let-
ter, we adopt the expansion in terms of real spherical
harmonics associated with real expansion coefficients.
[43] J. Vermant, and M. J. Soloman, J. Phys.: Condens. Mat-
ter 17, R187 (2005).
[44] X. Xu, S. A. Rice, and A. R. Binner, Proc. Natl. Acad.
Sci. USA 110, 3771 (2013).
[45] Y. Suzuki, J. Haimovich, and T. Egami, Phys. Rev. B
35, 2162 (1987).
[46] In many soft matter systems including the suspensions
of charged colloids as demonstrated in the Supplemental
Material, the g00(r) evolves continuously within the shear
thinning regime and differs progressively from g(r) at the
quiesent state. Under this condition, we recently demon-
strate (G.-R. Huang et al., submitted.) that the nonequi-
librium g−22 (r) should be proportional to the change in
g(r) when strain is sufficiently small.
[47] W. T. Ashurst, and W. G. Hoover, Phys. Rev. A 11, 658
(1975).
[48] T. Iwashita, and T. Egami, Phys. Rev. Lett. 108, 196001
(2012).
[49] W. Xue, and G. S. Grest, Phys. Rev. Lett. 64, 419 (1990).
[50] S. R. Rastogi, N. J. Wagner, and S. R. Lustig, J. Chem.
Phys. 104, 9234 (1996).
[51] E. Nazockdast, and J. F. Morris, Soft Matter 8, 4223
(2012).
[52] S. A. Rogers, B. M. Erwin, D. Vlassopoulos, and M.
Cloitre, J. Rheol. 55, 435 (2011).
[53] In this study we refer “high shear rates” as to the shear
rates at Pe 1 (or γ˙ >∼ 10 s−1), as suggested by N. J.
Wagner and J. F. Brady in Phys. Today 62, 27 (2009).
[54] D. R. Foss, and J. F. Brady, J. Fluid Mech. 407, 167
(2000).
[55] J. M. Brader, J. Phys.: Condens. Matter 22, 363101
(2010).
[56] G. Petekides, D. Vlassopoulos, and P. N. Pusey, Faraday
Discuss. 123, 287 (2003).
[57] G. Petekides, D. Vlassopoulos, and P. N. Pusey, J. Phys.:
Condens. Matter 16, S3955 (2004).
